Introduction {#S1}
============

The mammalian kidney is a highly specialized organ that, while vulnerable to hypoxic and toxic injuries, has a significant capacity for repair and regeneration.^[@R1]--[@R3]^ The balance between tissue damage and repair/regeneration is critical for determining the ultimate outcome of the kidney following an insult. Extensive studies have demonstrated that the ability of the kidney to repair is inversely correlated with the severity, frequency and duration of initial injury.^[@R4],\ [@R5]^ Contradictory to the long-held belief that kidney repair/regeneration may only occur in acute kidney injury (AKI), increasing evidence illustrates that tissue repair and remodeling can take place even in the established and progressive chronic kidney disease (CKD).^[@R6]--[@R9]^

The biologic events in kidney repair include trophic growth factor/cytokine production and secretion, activation of interstitial fibroblasts, tubular epithelial cell proliferation and differentiation, subsequent resolution of renal fibroblasts and infiltrated inflammatory cells, and restoration of the damaged microvasculature.^[@R10]--[@R12]^ Evidence is emerging that several key developmental pathways, including Wnt, hedgehog and Notch signaling, as well as the hepatocyte growth factor (HGF) signal cascade, play an essential role in promoting kidney repair and regeneration after injury.^[@R13]--[@R19]^ In this context, tissue repair in response to injury in adult kidney can be viewed as a cascade of biological processes that recapitulates the developmental program.

Wnt/β-catenin signaling is an evolutionarily conserved, key developmental signaling pathway implicated in organogenesis, tissue homeostasis and disease development in multicellular organisms.^[@R20]--[@R23]^ Over the past several years, substantial studies have demonstrated that Wnt/β-catenin signaling could have a pivotal role in promoting tubular repair and regeneration after AKI induced by either ischemia-reperfusion injury (IRI) or nephrotoxins.^[@R24],\ [@R25]^ However, data are also mounting that aberrant activation of Wnt/β-catenin is associated with proteinuria, renal function decline and kidney fibrosis in many forms of CKD, regardless of whether the injury initially occurs in renal tubulointerstitium or glomeruli.^[@R26]--[@R31]^ We have recently reviewed the relevant studies on Wnt/β-catenin signaling in regulating podocyte dysfunction and kidney fibrosis in proteinuric and fibrotic kidney diseases, such as diabetic nephropathy and obstructive nephropathy.^[@R14],\ [@R15]^ Therefore, the scope of this article is limited to the discussion of Wnt/β-catenin signaling in regulating kidney repair and regeneration after injury, particularly AKI. We propose that Wnt/β-catenin is a double-edged sword in kidney repair, and the duration of its activation seems to be the major determinant for the long-term outcome of the injured kidney. While transient Wnt/β-catenin signaling is essential for accelerating tubular repair and kidney recovery, an exaggerated and sustained activation of this signaling triggers maladaptive responses, leading to AKI- CKD transition.^[@R32]^

Wnt ligands: expression, modification and secretion {#S2}
===================================================

Wnt proteins are a family of secreted lipid-modified glycoproteins with established roles in embryonic development and tissue homeostasis.^[@R33]^ The term Wnt combines the name of the Drosophila segment polarity gene *wingless* and the name of the vertebrate homolog, *integrated* or *int-1*.^[@R22],\ [@R23]^ The Wnt family contains 19 different members in mammalian species: Wnt1, 2, 2b, 3, 3a, 4, 5a, 5b, 6, 7a, 7b, 8a, 8b, 9a, 9b, 10a, 10b, 11, and 16.^[@R34]^ These proteins are vital to kidney development, and defects in Wnts are associated with various human diseases including developmental abnormalities and cancers.

Wnt ligands are modified as glycolipoproteins and secreted into the extracellular environment as morphogens, which are signaling proteins acting in a concentration-dependent manner to determine tissue patterning during development.^[@R35]^ Mounting evidence has demonstrated that multiple layers of regulation are linked with the intracellular trafficking of Wnt proteins along their secretory pathway ([Figure 1A](#F1){ref-type="fig"}). Wnt proteins are glycosylated in the endoplasmic reticulum (ER) and then are palmitolated by a membrane-bound acyltransferase, known as Porcupine, on at least two distinct sites: the N-terminal cysteine rich residues and a C-terminal serine 209 residue.^[@R36]--[@R38]^ Loss of Porcupine function causes Wnts to accumulate abnormally in the ER, leading to a defect in secretion.^[@R39]^

Wnts secretion is mainly regulated by the cargo receptor encoded by *wntless* gene, which was identified by three groups in 2006.^[@R40]--[@R44]^ As a putative G-protein coupled receptor, Wntless (Wls), also known as Evenness Interrupted (Evi) in Drosophila and G protein-coupled receptor 177 (GPR177) in mammals, is obligatory for the secretion of all Wnt proteins. Wls localizes to the entire Wnt secretory route including ER, Golgi, vesicles and plasma membrane and binds to the hydrophobic palmitate groups in mature Wnts by virtue of its lipocalin-like structure.^[@R38],\ [@R40],\ [@R41]^ The posttranslational modifications of Wnts contribute to their transport and secretion from ligand-producing cells. In the absence of Wls, a number of Wnt proteins are sequestered in the secretory pathway of Wnt-producing cells and fail to reach the plasma membrane, resulting in strong Wnt loss-of-function phenotypes. In addition, physical parameters such as environmental pH also have a strong impact on Wnts secretion.^[@R38]^

A multiprotein complex known as the retromer may also play a role in regulating Wnt protein secretion. As Wls accompanies Wnts to the cell surface for secretion, the Wls can be recovered and sent back to the Golgi. The retromer complex may govern this recycling of Wls from endosomes to the Golgi and allow for further Wnt binding ([Figure 1A](#F1){ref-type="fig"}).^[@R45]^

The principle of Wnt signaling {#S3}
==============================

Wnt signaling is extremely complex, and there are approximately more than 50 proteins that participate in Wnt signaling at various stages, which include 19 Wnt ligands, 10 Frizzled receptors and 2 co-receptors, a dozen of various kinds of inhibitors, multiple intracellular mediators, transcription factors and co-activators. In the extracellular milieu, Wnt diffusion and signaling abilities are limited due to stabilization by heparan sulfate proteoglycans including Dally and glypican.^[@R46],\ [@R47]^ In addition, secreted inhibitors such as a family of the secreted Frizzled-related proteins (sFRP1\~5) bind to Wnts to prevent their interaction with cell surface receptors, effectively antagonizing Wnt signaling.^[@R48]--[@R51]^ The anti-aging protein Klotho, which is predominantly expressed in the tubular epithelium of normal kidneys, is also an endogenous Wnt antagonist, and both full-length, membranous Klotho and its truncated, soluble form effectively bind to and sequesters Wnt ligands, thereby negatively controlling Wnts action.^[@R48]^ Dickkopf (DKK) family of proteins (DKK1\~4) are shown to disrupt Wnt binding to its co-receptors and inhibit β-catenin activation.

Wnts bind to the plasma membrane receptors known as the Frizzled receptor family of proteins, and co-receptors, the low density lipoprotein-related protein 5 and 6 (LRP-5/6), to mediate their signaling.^[@R52]^ After binding to the receptor complex, Wnt signal is transduced to the cytoplasmic phosphoprotein, Dishevelled (Dsh/Dvl) ([Figure 1B](#F1){ref-type="fig"}). At the level of Dsh, the Wnt signal branches into the canonical, β-catenin-dependent pathway and non-canonical, β-catenin-independent pathway, the latter of which can be divided into the planar cell polarity pathway (PCP) and the Wnt/Ca^2+^ pathway. Dsh is an important downstream component and the first cytoplasmic protein that is indispensably involved in all branches of Wnt signaling.^[@R53]^

In canonical signaling, Wnts induces changes in the so-called 'destruction complex' comprised of Dsh, axin, adenomatosis polyposis coli (APC), casein kinase-1 and glycogen synthase kinase (GSK)-3β. In the normal, quiescent state, β-catenin is constitutively phosphorylated by GSK-3β and undergoes ubiquitin-mediated proteolytic degradation ([Figure 1B](#F1){ref-type="fig"}). However, when Wnt engages with its receptor complex, it induces inhibition of GSK-3β and ultimately results in dephosphorylation of β-catenin. This causes the stabilization and activation of β-catenin and allows it to translocate into the nucleus, wherein it binds to T cell factor (TCF)/lymphoid enhancer-binding factor (LEF) to stimulate the transcription of downstream target genes ([Figure 1B](#F1){ref-type="fig"}). The canonical Wnt pathway regulates gene transcription and thus often leads to cell survival, proliferation and differentiation.^[@R54]^ In addition, there appears to be some evidence that GSK-3β can also phosphorylate LRP 5/6 and be a new way that Wnt signaling is regulated.^[@R55]^

The non-canonical Wnt pathway has two major branches: the PCP pathway and the Wnt/Ca2+ pathway. In the PCP pathway, Frizzled receptors activate Dsh independently of LRP-5/6 and lead to Rho/Rho-associated protein kinase (ROCK) and c-Jun N-terminal kinase (JNK) activation ([Figure 1B](#F1){ref-type="fig"}). This pathway mediates cytoskeletal organization and coordinated polarization of cells within the plane of epithelial sheets.^[@R56]^ The other non-canonical pathway leads to the release of intracellular Ca^2+^, possibly via G-proteins.^[@R57]^ This pathway involves activation of phospholipase C (PLC) and protein kinase C (PKC).^[@R58],\ [@R59]^ Elevated Ca^2+^ can activate the phosphatase calcineurin, which leads to dephosphorylation of the nuclear factor of activated T-cells (NFAT) and its accumulation in the nucleus. The calcium-mediated pathway has defined roles in dorsal/ventral patterning, gastrulation, and cardiac development.^[@R36]^ Overall, these non-canonical pathways are known to be involved in determination of cell polarity as well as mesodermal cell migration during development.^[@R60]^ While the involvement of canonical Wnt signaling in regulating kidney development and diseases is well studied, little is known about the potential role of the non-canonical pathway of Wnts in these processes.^[@R13],\ [@R15],\ [@R61]^

Regulation and function of Wnt/β-catenin after kidney injury {#S4}
============================================================

Wnt/β-catenin signaling in adult kidney is relatively silenced, although this signaling has an essential role in kidney development.^[@R61]^ Renal Wnt/β-catenin, however, is upregulated in virtually every experimental animal model tested up to date, arranging from AKI to various forms of CKD ([Table 1](#T1){ref-type="table"}). Re-activation of Wnt/β-catenin underscores that this developmental signaling may play a crucial role in the subsequent repair or disease development after a wide variety of injury in adult kidney. A comprehensive understanding of Wnt/β-catenin regulation and its roles in kidney injury repair and development of nephropathies would provide opportunities to target key components of Wnt signaling for designing rational therapeutic strategies.

In the rat model of AKI induced by IRI, Wnt4 mRNA is reported to increase at 3 to 12 h while its protein level rises at 6 to 24 h after ischemia.^[@R62]^ This is associated with upregulation of cyclin D1 and cyclin A at 24 to 48 h, suggesting that this signaling may be instrumental for tubular cells entering the cell cycle, a key event in tubular repair and regeneration after damage. Indeed, overexpression of Wnt4 or β-catenin promotes cell cycle progression and increases the protein expression of cyclin D1 in tubular epithelial cells *in vitro,* indicating that stimulation of Wnt/β-catenin could be reparative in ischemic AKI.^[@R62]^ In a mouse model of ischemic AKI, renal expression of multiple Wnts including Wnt1, 2, 3, 3a, 4, 7a, 8a, 8b, 10a and 16, and β-catenin are upregulated, and the magnitude of their induction is closely associated with the severity of IRI.^[@R32]^ In AKI induced by nephrotoxin such as folic acid, β-catenin is also activated specifically in renal tubular epithelium.^[@R24]^ Therefore, upregulation of Wnt/β-catenin is a common and shared response of the kidney after acute injury induced by either ischemia or nephrotoxins ([Table 1](#T1){ref-type="table"}).

Appropriate activation of Wnt/β-catenin in the setting of AKI is reno-protective, leading to reduced kidney injury and accelerated recovery of renal structure and function. This notion is substantiated by numerous observations that Wnt/β-catenin is a survival signal that protects renal tubular epithelial cells against apoptosis *in vitro* and *in vivo*.^[@R24],\ [@R63]^ This property, together with its ability to promote tubular epithelial cell proliferation,^[@R62]^ renders Wnt/β-catenin not only able to minimize tubular damage but also accelerate tubular repair and regeneration. By using conditional knockout mice in which β-catenin is ablated in a tubule-specific fashion, it has been demonstrated that loss of β-catenin, the sole intracellular mediator of the canonical Wnt signaling, aggravates AKI induced by either ischemic or nephrotoxic insults, underscoring a protective potential of Wnt/β-caenin in the setting of AKI.^[@R24]^ Recent studies further show that administration of Wnt agonist at 1 h prior to ischemia reduces kidney damage and improves renal function in a rat model of IRI, thereby directly validating the role of Wnt/β-catenin in conferring renal protection after AKI.^[@R64]^

Repetitive and/or chronic injury to the kidney will lead to development of CKD, characterized by progressive renal fibrosis, which is widely viewed as a consequence of maladaptive, failed injury repair.^[@R65]--[@R67]^ In all animal models of CKD tested thus far, Wnt/β-catenin has been shown to be activated, with no exception ([Table 1](#T1){ref-type="table"}). This suggests that activation of Wnt/β-catenin is a generalized, and perhaps intuitive, response of the damaged kidney in an attempt to repair and heal. However, chronic injury such as ureteral obstruction or hyperglycemia often overwhelms the kidney, leading to an exaggerated and sustained activation of Wnt/β-catenin. For instance, in a mouse model of unilateral ureteral obstruction (UUO), 16 out of 19 members of the Wnt family proteins are upregulated in the obstructed kidney with distinct dynamics.^[@R26]^ Consequently, this leads to a dramatic and sustained activation of β-catenin in renal tubular epithelial cells.^[@R26]^ Upregulation of Wnt/β-catenin is also found in many other forms of CKD including remnant kidney after 5/6 nephrectomy (5/6NX),^[@R68]^ adriamycin (ADR)-induced nephropathy,^[@R27],\ [@R29]^ diabetic nephropathy,^[@R69],\ [@R70]^ angiotensin II infusion-induced nephropathy,^[@R71]^ HIV-associated nephropathy^[@R72]^ and polycystic kidney disease^[@R73],\ [@R74]^ ([Table 1](#T1){ref-type="table"}).

Contrary to the setting of AKI, Wnt/β-catenin in CKD appears to be detrimental in the evolution of nephropathies. Genetically modified mice with constitutive activation of β-catenin in cell type-specific fashion have been shown to spontaneously develop renal lesions and fibrosis,^[@R31],\ [@R75]^ suggesting that chronic activation of Wnt/β-catenin signaling is sufficient to cause kidney disorders *in vivo*. In a mouse model of UUO, inhibition of Wnt/β-catenin signaling using various antagonists including sFRP4,^[@R28]^ DKK1,^[@R26]^ Klotho^[@R48]^ and the small molecule inhibitor ICG-001^[@R30]^ represses myofibroblast activation and reduces renal fibrosis. In ADR-induced nephropathy, blockade of Wnt signaling with DKK1,^[@R27]^ vitamin D receptor (VDR) agonist,^[@R29]^ Klotho^[@R48],\ [@R76]^ and ICG-001^[@R77]^ also attenuates kidney injury and reverses established proteinuria. Wnt antagonists such as Klotho and DKK-1 also significantly reduce renal β-catenin accumulation and inhibit the expression of Wnt/β-catenin target genes in animal models of remnant kidney after 5/6NX, angiotensin II-induced nephropathy and HIV-associated nephropathy, respectively ([Table 1](#T1){ref-type="table"}).^[@R68],\ [@R71],\ [@R72]^ These data illuminate that Wnt/β-catenin signaling is a double-edged sword in kidney repair and regeneration after injury: it minimizes tissue damage and accelerates recovery in the setting of AKI, but its sustained activation clearly leads to a failed wound-healing response and drives the onset and progression of CKD.

Wnt/β-catenin signaling in human kidney disease {#S5}
===============================================

Similar to animal models, data are accumulating that link Wnt/β-catenin to the pathogenesis of human kidney disorders in patients ([Table 1](#T1){ref-type="table"}). IgA nephropathy (IgAN) is the most common primary glomerulonephritis worldwide. A microarray study, conducted by using peripheral blood leukocytes, demonstrates distinct gene expression profile in Wnt signaling that strongly discriminates between the IgAN patients and controls. Inversin (INV), a negative regulator of Wnt/β-catenin pathway, is decreased in IgAN patients, suggesting hyperactivation of Wnt signaling. Interestingly, a subset of 21 Wnt-related genes is able to specifically separate IgAN from healthy controls, and all of which is associated with enhanced peripheral blood mononuclear cell proliferation and activation.^[@R78]^

In human focal segmental glomerulosclerosis (FSGS), Wnt1 and β-catenin nuclear translocation is increased in podocytes and tubular cells from diseased kidneys, demonstrating the activation of canonical Wnt signaling.^[@R27]^ Several studies have implicated members of the Wnt signaling pathway in human diabetic kidney disease (DKD), although the data are conflicting.^[@R69],\ [@R79]^ Using a case-control design, analyses of single nucleotide polymorphisms (SNPs) and haplotypes in multiple key Wnt pathway genes (*CTNNB1, AXIN2, LRP5, LRP6, GSK-3β, DAAM1 and NFAT5*) suggest that genetic changes in the genes encoding Wnt signaling components are not strongly associated with diabetic nephropathy induced by type 1 diabetes among white individuals.^[@R80],\ [@R81]^ However, a microarray analysis has reported statistically significant increases in mRNA expression of Wnt1, Wnt2b, Wnt4, Wnt6, Wnt16, DKK3, and LEF1 in human DKD glomeruli. In human DKD kidneys, there is also increased expression of β-catenin in the glomeruli compared to healthy control kidneys.^[@R27]^

Canonical Wnt signaling is also induced in patients with lupus nephritis and with crescentic glomerulonephritis.^[@R82]^ In systemic lupus, hyperactivation of Wnt signaling might be through the p53/p21 pathway.^[@R83]^ In addition, a complex consisting of Pan-cadherin/p120 catenin/β-catenin was observed in abundance in the cellular crescents characterizing pauci-immune glomerulonephritis. The plethora of this complex diminishes as the cresents undergo cellular to fibrotic progression.^[@R84]^

Studies show that cystic kidney diseases have been associated with defective Wnt signaling as well.^[@R85]--[@R87]^ Perturbations of cystic disease genes cause impaired balance of non-canonical and canonical Wnt signaling, leading to cyst formation.^[@R73]^ Interestingly, inversin was identified as a causal gene of nephronophthisis type II, an autosomal recessive cystic kidney disease. Inversin is known to inhibit the canonical β-catenin pathway while promoting non-canonical PCP signaling.^[@R88]^ Therefore, disrupting the delicate balance between canonical and non-canonical Wnt/β-catenin signaling may be linked to cyst formation in patients.

Wnt/β-catenin and adaptive repair after AKI {#S6}
===========================================

Following AKI, the kidney often recovers its structure and function via adaptive repair and regeneration. This process can be considered as an innate wound-healing response consisting of the injury, repair and recovery phases ([Figure 2](#F2){ref-type="fig"}). Both gain- and loss-of-function studies indicate that Wnt/β-catenin plays an essential role in minimizing initial kidney damages and promoting adaptive repair and regeneration after AKI.^[@R24],\ [@R25],\ [@R64]^ Kidney injury repair following AKI involves several distinct biologic events including tubular damage/cell death, epithelial-mesenchymal communication (EMC), tubular cell proliferation, followed by resolution of renal fibroblasts and inflammation, and restoration of microvasculature ([Figure 2](#F2){ref-type="fig"}). It appears that Wnt/β-catenin signaling participates in the most majority, if not all, of these reparative events, leading to accelerated regeneration and recovery.

The hallmarks of AKI following either ischemic or toxic insults are tubular damage, characterized by loss of proximal tubular cell brush border, demolition of epithelial cell apical-basal polarity, cell detachment from tubular basement membrane, cellular cast formation in the lumen of renal tubules, apoptosis and necrosis.^[@R89]--[@R92]^ As a potent survival factor, Wnt/β-catenin has been shown to protect tubular epithelial cells against apoptosis both *in vitro* and *in vivo*.^[@R24],\ [@R63]^ In either immortalized or primary proximal tubular epithelial cells, constitutively active β-catenin decreases apoptosis and improves cell survival after metabolic stress. Active β-catenin also inhibits Bax activation, oligomerization, and translocation to mitochondria, whereas dominant negative β-catenin exhibits the opposite effects, suggesting that Wnt/β-catenin signaling promotes survival of renal epithelial cells by inhibiting Bax.^[@R63]^ Recent studies also illustrate that *in vitro* activation of β-catenin by Wnt1 protects tubular epithelial cells from apoptosis, activates Akt, induces survivin, and represses p53 and Bax expression. In conditional knockout mice with tubule-specific ablation of β-catenin, ischemic or toxic AKI causes higher mortality, elevated serum creatinine, and more severe morphologic injury, compared to control mice.^[@R24]^ Consistently, apoptosis is more prevalent in kidneys of the knockout mice, which is accompanied by increased expression of p53 and Bax, and decreased phosphorylated Akt and survivin. Taken together, these data suggest that Wnt/β-catenin is pivotal survival factor that promotes renal tubular cell survival through multiple mechanisms.^[@R24]^ As such, early and appropriate activation of Wnt/β-catenin signaling is required for minimizing the initial renal damages after AKI.

Injured tubular cells after AKI often produce and secrete a variety of cytokines, chemokines and growth factors, which trigger and/or augment the infiltration of inflammatory cells and activation of fibroblasts in renal interstitium. While the contribution of renal inflammation to the pathophysiology of AKI is well established,^[@R93],\ [@R94]^ the role of renal interstitial fibroblast activation in AKI is largely neglected. Transient fibroblast activation is an integral part of wound-healing responses, and is important in promoting injury repair via providing trophic factors. Studies show that fibroblast activation is an early event after injury, and probably plays an unexpected, protective role in AKI. For example, in uranyl acetate-induced AKI in rats, peritubular α-smooth muscle actin (α-SMA)-positive fibroblasts are identified surrounding damaged, dilated proximal tubules before disappearing after tubular recovery.^[@R95]^ These cells attach to the tubular basement membrane via elongated cytoplasm-containing microfilament bundles, and cover large areas of denuded epithelium after AKI. Specific inhibition of fibroblast activation results in an aggravation of renal dysfunction and decrease in regenerative repair compared to control rats.^[@R95]^

Recent studies demonstrate that there are active communications between the injured tubular epithelial cells and interstitial fibroblasts via soluble factors. Both tubular cells and fibroblast cells produce and secrete Wnt ligands, which can target themselves and each other in autocrine and paracrine fashions.^[@R96],\ [@R97]^ Therefore, Wnts can mediate epithelial-mesenchymal communication (EMC) in both directions between the tubular and interstitial compartments of the kidney after AKI. Besides Wnts, other signaling proteins such as sonic hedgehog (Shh) and hepatocyte growth factor (HGF) also mediate EMC. However, these proteins often mediate EMC in one-way direction. For instance, injured tubular epithelial cells after AKI secrete Shh, while the Shh-responding cells are predominantly interstitial fibroblasts.^[@R16],\ [@R98]^ Tubular cells also express HGF receptor, c-met, and its activation is shown to be important for tubular cell survival and proliferation after AKI.^[@R99]^ However, tubular cells themselves do not produce and secrete HGF, and have to rely on other interstitial cells such as fibroblasts to produce this polytrophic growth factor. Similarly, a constructive crosstalk between infiltrated macrophages and tubular cells is mediated by Wnt7b, which is important for kidney repair and regeneration after ischemic AKI.^[@R25]^

Tubular repair following AKI requires the proliferation of surviving cells, and studies show that Wnt/β-catenin signaling participates in this process. The best characterized targets of Wnt/β-catenin are cyclin D1 and c-myc, two of the most crucial proteins in regulating cell proliferation and cell cycle progression.^[@R22],\ [@R23]^ As discussed above, Wnt4 and β-catenin could induce cell cycle progression in renal tubular cells and enable these cells to restore denuded epithelium after AKI. In the IRI model, Wnt4 is co-localized with proliferating cell nuclear antigen (PCNA), suggesting that Wnt4 is a mitotic signal in regenerating renal tubules *in vivo*.^[@R62]^ Wnt may also interact with other signaling molecules to coordinate the regeneration process in diseased kidneys. For example, HGF has been shown to stimulate β-catenin by inducing its tyrosine phosphorylation and translocation into the nucleus, or inducing LRP-5/6 phosphorylation, via a Wnt-independent pathway.^[@R100],\ [@R101]^ Since HGF, its c-met receptor and β-catenin are markedly activated after AKI,^[@R99]^ these suggest that HGF and Wnt signaling may work in concert to promote tubular cell proliferation.^[@R102],\ [@R103]^ In addition, other developmental signaling such as Shh and Notch may crosstalk with Wnt in promoting tissue repair after injury.^[@R104]--[@R107]^

AKI is often followed by complete recovery of kidney structure and function, if the injury is not appallingly severe.^[@R32],\ [@R92]^ Such complete recovery requires not only full tubular repair and regeneration but also the subsequent resolution of renal infiltrated cells and activated fibroblasts. Indeed, in rat model of uranyl acetate-induced acute renal failure, renal fibroblast activation is transient in the cortex and outer stripe of outer medulla, and then gradually disappears when renal function restores.^[@R108]^ The mechanism underlying such resolution of activated fibroblasts during the recovery phase of AKI is not entirely clear, but it could be related to the Wnt/β-catenin-mediated induction of matrix metalloproteinase 7 (MMP-7).^[@R97]^ It has been shown that activation of Wnt/β-catenin induces its target MMP-7,^[@R109]^ a zinc- and calcium-dependent endopeptidase secreted by tubular epithelium.^[@R110]^ We demonstrate that MMP-7 induces Fas ligand (FasL) expression in fibroblasts and potentiates fibroblast apoptosis and depletion in renal interstitium.^[@R97]^ Therefore, in the scenario of AKI, tubular Wnt/β-catenin signaling not only promotes epithelial cell survival, proliferation and repair but also triggers MMP-7 expression and secretion, which subsequently leads to fibroblast apoptosis and resolution in the interstitium and results in kidney hemostasis.

AKI is also associated with microvascular injury in the early phase after ischemic or toxic injury,^[@R5]^ and appropriate restoration of damaged microvasculature is critical for a complete recovery. Vascular repair mechanisms include proliferation and migration of endothelial cells after renal injury. Modulation of endothelial progenitor cells (EPC) and hematopoietic stem cells (HSC) may also contribute to microvascular repair.^[@R111]^ In rat IRI model, erythropoietin (EPO) could promote endothelial cell viability and prevent rarefication of microvasculature via Wnt/β-catenin activation.^[@R112]^ The macrophage is also involved in microvasculature repair phase by its interaction with endothelium, which is co-mediated by Wnt and Notch signaling.^[@R106],\ [@R113]^ Wnt5a induces several pro-inflammatory and pro-angiogenic cytokines expression such as IL-6 and IL-8 in macrophages in an autocrine manner,^[@R114],\ [@R115]^ and subsequently directly affects endothelial cells proliferation and migration.^[@R116],\ [@R117]^ Wnt7b is also required for the interaction between macrophage and endothelial cells in microvasculature repair, by stimulating endothelial cells entry into the S phase in the cell cycle.^[@R118],\ [@R119]^ Therefore, an appropriate activation of Wnt signaling is beneficial for microvasculature regeneration after AKI.

Wnt/β-catenin and maladaptive response in CKD {#S7}
=============================================

While activation of Wnt/β-catenin is clearly reno-protective in AKI, this same signaling appears detrimental in the setting of chronic or repetitive kidney injury and drives the onset and progression of CKD.^[@R34],\ [@R120]^ What cause this pathway to behave so differently in AKI and CKD remains largely elusive. However, recent studies on the model of AKI-to-CKD progression have begun to shed new light on this mystery.

It is increasingly recognized that patients who survive an episode of AKI will have a significant risk of developing progressive CKD.^[@R121]--[@R123]^ The long-term outcome of AKI patients is divergent. While some patients may fully recover kidney function, others progress to CKD with declining renal function. Although host factors such as pre-existing conditions and genetic backgrounds are important, the severity of AKI seems to be the most important and robust predictor of poorer outcome.^[@R4],\ [@R124]^ Consistent with this notion, mice with 20 min IRI display transient AKI followed by recovery of renal function, whereas 30 min IRI causes severe AKI followed by progressing to CKD.^[@R32]^ Therefore, by merely altering the duration of ischemia, one can establish both models of moderate/reversible AKI with full recovery and severe/irreversible AKI destined to CKD in the same setting. Such IRI models with different outcomes provide an unparalleled system to interrogate the different mechanisms by which Wnt/β-catenin plays during AKI-to-CKD transition.

Studies show that although Wnt/β-catenin is upregulated in both moderate and severe AKI, the magnitude and duration of its activation are distinct.^[@R32]^ As discussed above, transient activation of Wnt/β-catenin facilitates tubular repair and regeneration, as well as resolution of interstitial fibroblasts and infiltrated cells after recovery. Sustained activation of the same signaling, however, triggers maladaptive responses, ultimately leading to development of progressive CKD ([Figure 3](#F3){ref-type="fig"}). This view is supported by gain- or loss-of-function manipulations of Wnt/β-catenin *in vivo*. Prolonged activation of Wnt/β-catenin via *in vivo* expression of Wnt1 after AKI accelerates CKD progression, whereas blockade of Wnt/β-catenin prevents AKI-CKD progression.^[@R32]^ *In vitro*, Wnt ligands induce renal interstitial fibroblasts activation. However, activated fibroblasts readily revert to a quiescent phenotype after Wnts are removed, suggesting that fibroblast activation requires persistent Wnt signaling. Collectively, these findings support the notion that an early and transient activation of Wnt/β-catenin after AKI is reno-protective by facilitating tubular repair and regeneration, while sustained activation of the same signaling promotes AKI-to-CKD progression.

As reviewed recently,^[@R15]^ there are several reasons why a sustained activation of Wnt/β-catenin promotes kidney injury and renal fibrosis after injury ([Figure 3](#F3){ref-type="fig"}). In the setting of CKD or irreversible AKI, activation of Wnt/β-catenin is never-ending, because the injury is chronic, repetitive or severe. As such, persistent activation of Wnt/β-catenin would result in sustained and irreversible fibroblast activation, which contributes to the relentless production and deposition of extracellular matrix, leading to development of fibrotic lesions. Furthermore, sustained activation of Wnt/β-catenin in CKD causes an exaggerated induction of several key target genes such as Snail1, plasminogen activator inhibitor-1 (PAI-1), MMP-7, fibroblast-specific protein 1 (Fsp1) and multiple components of the renin-angiotensin system (RAS) ([Figure 3](#F3){ref-type="fig"}), all of which are relevant to the progression of CKD.^[@R27],\ [@R77],\ [@R109],\ [@R125]^ These findings suggest that a sustained activation of Wnt/β-catenin in the settings of either severe AKI or CKD would result in maladaptive responses characterized by persistent fibroblast activation, excessive matrix accumulation and renal fibrosis.

Given the importance of sustained Wnt signaling in driving CKD progression, it is not surprising that inhibition of this signaling is renoprotective and ameliorates kidney injury and fibrosis.^[@R14],\ [@R15],\ [@R34]^ Over the last several years, tremendous efforts have been made on developing therapeutic strategies to block Wnt/β-catenin signaling for the treatment of a wide variety of CKD in preclinical setting ([Table 1](#T1){ref-type="table"}). Detailed discussion of the therapeutic approaches and CKD models used is beyond the scope of this article, and interested readers are referred to several recent reviews.^[@R13]--[@R15],\ [@R34]^ Carefully designed clinical trials are needed to validate the safety and efficacy of these remedies in CKD patients.

Summary {#S8}
=======

Kidney repair is the 'Holy Grail' of medicine in the nephrology field. Harnessing the kidney's innate and robust regenerative capacity could enable the recovery of renal function and health after injury. During the past several years, substantial evidence has pointed to a crucial role of Wnt/β-catenin signaling, a key developmental pathway that is essential for nephron formation in embryogenesis, in dictating kidney repair or disease after a great diversity of insults. While transient activation of Wnt/β-catenin is reno-protective by promoting adaptive repair and recovery ([Figure 2](#F2){ref-type="fig"}), sustained activation of the same signaling is detrimental and triggers maladaptive responses, leading to onset and progression of CKD ([Figure 3](#F3){ref-type="fig"}). These findings make it possible to understand the mechanisms determining whether kidney structure and function are \"reversible\" or \"irreversible\" after injury.

There are many challenges in understanding exactly how different Wnt/β-catenin activation in AKI *versus* CKD transforms a reparative signaling into pathologic mediator. It also remains to be determined whether various kidney cells such as tubular epithelial cells, fibroblasts, endothelial cells behave differently when they are transiently or persistently exposed to Wnt ligands. Furthermore, we know little about the multifaceted cell-cell communication in the kidney after injury, as well as the complex crosstalk between Wnt and other signaling pathways involved in injury repair and regeneration. Nevertheless, recent studies have inspired multiple novel treatment remedies for nephropathies in preclinical setting ([Table 1](#T1){ref-type="table"}). Therefore, further elucidation of the mechanisms by which Wnt/β-catenin plays in AKI and CKD could hold promise to offer new therapeutic options for patients suffering from various kidney diseases.
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![The principle of Wnt secretion and signaling. (A)\
Wnt expression, modification and secretion. In Wnt producing cells, Wnt proteins are lipid modified in the lumen of endoplasmic reticulum (ER) by Porcupine and then transported to the Golgi, where they encounter Wntless (Wls). Supported by Wls, Wnt ligands are directly delivered to the plasma membrane through Trans-Golgi network (TGN). Wls is then taken up by the clathrin-mediated endocytosis and the retromer complex routes Wls back to the Golgi from the plasma membrane. **(B)** The principle of Wnt signaling. Once released from the producing cells, Wnt initiates signal by interacting with the Frizzled receptor and co-receptors LRP5/6 at the plasma membrane of target cells and activates Dsh. At Dsh level, Wnt signaling is branched into canonical and non-canonical pathways. Activation of the canonical Wnt signaling leads to β-catenin stabilization, accumulation and nuclear translocation, which enables β-catenin to influence the expression of downstream target genes. Non-canonical Wnt signaling invokes several β-catenin independent pathways via the activation of the Frizzled receptor. In Wnt/planar cell polarity (PCP) pathway, Dsh transfers signal to the small GTP-binding proteins Rho and Rac. In Wnt/Ca^2+^ pathway, the Frizzled receptor also interfaces with a trimeric G-protein and results in the release of calcium from ER. When concentration of calcium rises, protein kinase C (PKC) and calcineurin will be activated. Calcineurin induces the nuclear factor of activated T-cells (NFAT), which regulates cell fate and migration.](nihms735836f1){#F1}

![Wnt/β-catenin signaling facilitates adaptive repair after AKI\
Following ischemic or toxic insults, kidneys possess an intrinsic ability to recover by undergoing adaptive repair and regeneration. (A) Injury phase. Shortly after AKI, tubular damage includes loss of brush border and apical-basal polarity, cell detachment, apoptosis and necrosis. Injury to capillary and infiltration of inflammatory cells are also evident. (B) Regeneration phase. Following the initial damage, peritubular fibroblasts are activated, and tubular cells undergo proliferation to repair and regeneration. (C) Recovery phase. Tubular cells re-differentiate, while interstitial fibroblasts and inflammatory cells are resolved and capillary integrity restored. Wnt/β-catenin signaling promotes adaptive repair after AKI by promoting tubular cells survival and mitigating damage in the injury phase, by stimulating tubular cell proliferation in the regeneration phase, and by facilitating the resolution of interstitial fibroblasts and restoring capillary integrity in the recovery phase.](nihms735836f2){#F2}

![Wnt/β-catenin signaling promotes maladaptive responses after chronic injury\
Following chronic, repetitive or severe injury, kidneys endure maladaptive responses that lead to CKD after the initial attempts of repair have failed. Sustained, but not transient, activation of Wnt/β-catenin signaling is crucial in triggering such maladaptive responses and causing destructive outcomes. Sustained Wnt//b-catenin signaling causes uncontrolled fibroblast activation, renin-angiotensin system (RAS) activation, inflammation and excessive deposition of extracellular matrix (ECM). Hyperactive Wnt/β-catenin also induces Snial1, plasminogen activator inhibitor 1 (PAI-1), MMP-7, fibroblast-specific protein 1 (Fsp1) and multiple components of RAS, all of which are relevant to CKD progression.](nihms735836f3){#F3}

###### 

Regulation and function of Wnt signaling in kidney injury repair and diseases

  *AKI*                                                                                                                                                                                                                                         
  -------------------------------------------------------------------------------------- ---------------------------- ------------------------------------------------------------------------------------------------- ----------------------- ----------------------------
  IRI                                                                                    Rat                          Wnt4 is induced after AKI and promotes cell cycle progression of renal tubular cells *in vitro*   Protective              ^[@R62]^
  IRI                                                                                    Mouse                        Macrophage-derived Wnt7b promote tubular repair and regeneration                                  Protective              ^[@R25]^
  IRI                                                                                    Mouse                        Tubule-specific ablation of β-catenin aggravates kidney injury                                    Protective              ^[@R24]^
  Folic acid                                                                             Mouse                        Tubule-specific ablation of β-catenin aggravates kidney injury                                    Protective              ^[@R24]^
  IRI                                                                                    Rat                          Wnt agonist reduces tissue damage and improves renal function                                     Protective              ^[@R64]^
  ***AKI-to-CKD***                                                                                                                                                                                                                              
  IRI                                                                                    Mouse                        Transient activation of Wnt/β-catenin is associated with AKI recovery                             Transient: protective   ^[@R32]^
  Sustained activation of Wnt/β-catenin accelerates AKI-to-CKD progression               Sustained: detrimental                                                                                                                                 
  ***CKD***                                                                                                                                                                                                                                     
  UUO                                                                                    Mouse                        sFRP4↓, β-catenin↑, sFRP4 inhibits fibrosis                                                       Detrimental             ^[@R28]^
  Multiple Wnts↑, β-catenin↑, DKK1 inhibits fibrosis                                     Detrimental                  ^[@R26]^                                                                                                                  
  Disruption of β-catenin/CBP by small molecule inhibitor ICG-001 ameliorates fibrosis   Detrimental                  ^[@R30]^                                                                                                                  
  Klotho antagonizes Wnt and inhibits fibrosis↓                                          Detrimental                  ^[@R48],\ [@R126]^                                                                                                        
  ADR-induced nephropathy                                                                Mouse                        Wnts↑, β-catenin↑, podocyte-specific deletion of β-catenin and DKK1 inhibits proteinuria          Detrimental             ^[@R27],\ [@R127]^
  Sequestration of β-catenin by VDR, reduces proteinuria and fibrosis                    Detrimental                  ^[@R29]^                                                                                                                  
  Antagonism of Wnt/β-catenin by Klotho reduces proteinuria and fibrosis                 Detrimental                  ^[@R48]^                                                                                                                  
  Small molecule inhibitor ICG-001 ameliorates established proteinuria and fibrosis      Detrimental                  ^[@R77]^                                                                                                                  
  Ang II-induced nephropathy                                                             Mouse                        Wnt1↑, β-catenin↑, DKK1 reduces proteinuria                                                       Detrimental             ^[@R71]^
  Remnant kidney after 5/6NX                                                             Mouse                        Klotho↓, β-catenin↑, antagonism of Wnt by Klotho ameliorates injury, hypertension and fibrosis    Detrimental             ^[@R68]^
  Diabetic nephropathy                                                                   Akita mice                   Multiple Wnts↑,β-catenin↑, anti-LRP6 ameliorates proteinuria and fibrosis                         Detrimental             ^[@R69]^
  db/db mouse                                                                            Multiple Wnts↑, β-catenin↑   Detrimental                                                                                       ^[@R69]^                
  STZ-diabetic rats                                                                      Multiple Wnts↑, β-catenin↑   Detrimental                                                                                       ^[@R69]^                
  Human                                                                                  Wnt1↑, β-catenin↑            Detrimental                                                                                       ^[@R27]^                
  HIV- associated nephropathy                                                            Mouse                        Wnt↑, β-catenin↑, DKK1 ameliorates proteinuria and podocytopathy                                  Detrimental             ^[@R72]^
  Human                                                                                  Wnt↑, β-catenin↑,            Detrimental                                                                                       ^[@R72]^                
  TGF-β1- induced nephropathy                                                            Mouse                        TGF-β1 induces Wnt1 in vivo, DKK1 reduces proteinuria                                             Detrimental             ^[@R128]^
  Genetic model                                                                          Mouse                        Podocyte-specific activation of β-catenin induces proteinuria                                     Detrimental             ^[@R75]^
  Fibroblast-specific activation of β-catenin induces fibrosis                           Detrimental                  ^[@R31]^                                                                                                                  
  Polycystic kidney disease                                                              Mouse                        Dysregulated β-catenin, sFRP4, Wnt9b, PCP                                                         Detrimental             ^[@R74],\ [@R87],\ [@R88]^
  IgA nephropathy                                                                        Human                        β-catenin↑, Inversin↓                                                                             Detrimental             ^[@R78]^
  FSGS                                                                                   Human                        Wnt1↑, β-catenin↑                                                                                 Detrimental             ^[@R27]^
  Lupus nephritis                                                                        Human                        β-catenin↑, plasma DKK1↑                                                                          Detrimental             ^[@R82]^

**Abbreviations**: IRI, ischemia reperfusion injury; UUO, unilateral ureteral obstruction; ADR, adriamycin; Ang II, angiotensin II; DKK1,Dickkopf 1; LRP-6, low density lipoprotein-related protein 6; STZ, streptozotocin; sFRP4, secreted Frizzled-related protein-4; PCP, planar cell polarity pathway; FSGS, Focal segmental glomerulosclerosis.
